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SECTION I

INTRODUCTION

Porosity in epoxy matrix composites may be introduced either by air entrapment during resin
mixing or laminate fabrication, or else by nucleation from volatiles (including moisture) during
processing[1]. While porosity may generally be kept well below 1 percent under ideal conditions, the
fabrication of thick, complex parts or certain higher production rate processes may lead to much
higher porosity levels. Improvements in inspection methods, particularly for thick parts, have also led
to difficult questions on acceptance criteria for parts containing some regions of high porosity.

Early studies by Greszczuk[2] and others[3,4], established that porosity in resin matrix
composites reduces the interlaminar shear strength and compressive strength. Typical results from
many studies of glass and graphite fiber reinforced epoxies show a loss of about 7 percent of the
interlaminar shear strength for each 1 percent increase in porosity up to roughly 4% porosity, beyond
which the rate of strength loss usually decreases[S). In addition to the widely recognized effect of
porosity on shear and compressive strengths, concern has also been expressed over interactions of
moisture and porosity possibly generating high osmotic pressures in the presence of common
contaminates such as sodium ions[6]. In torsional tests of graphite/epoxy, Hancox[7] has also reported
that the effects of hot wet conditioning on shear properties were not reversed by subsequent drying
if the porosity content was above 1 percent, which was hypothesized as due to changes in the
condition of the interface.

Technology surrounding the study of interlaminar properties has improved markedly in recent
years, with greater emphasis on delamination crack propagation in addition to interlaminar shear
strength. Recent studies have included interlaminar fatigue crack propagation under Mode I

(opening) and Mode II (forward shear) loading[8,9].



The purpose of this study was to reexamine the effects of porosity in the context of fracture
mechanics based treatment of delamination resistance including fatigue, and to explore the interaction
of moisture with the observed porosity effects. More generally, the goal was to improve on the ability
to assess the extent to which porosity would compromise the delamination resistance of composite

parts.



ECTION II
EXPERIMENTAL METHODS

2.1 MATERIALS, MOLDING, AND INTRODUCTION OF POROSITY

The material used throughout this study was AS4/3501-6 grpahite/epoxy from Hercules, Inc.
Unidirectional prepreg tape 300-mm-wide (Lot. No. 3270) was cut into 150-mm-long pieces and layed
up by hand to the required number of plies; all plates were unidirectional with 8, 12, or 24 plies,
having a nominal ply thickness of 0.125 mm in most cases. Teflon coated glass fabric (0.075 mm
thickness) was used as a crack starter strip, embedded between plies at the mid-thickness. Curing was
done by either autoclave or hot press following the manufacturer’s suggested cure cycle (given in
Figure 1), and using the molding system shown in Figure 2. The arrangement of specimen types and
associated starter strips is shown in Figure 3.

A number of methods were explored for introducing controlled porosity, including chemical
foaming agents appropriate for epoxy, volatile organic solvents and moisture, and variations in
molding conditions. Particular treatments were either brushed on to particular plies (termed
embedding in the Tables) or else sprayed on. Table 1 describes particular foaming agents, and Table
2 gives various treatments, percent porosity produced, and plate identification number. Other
investigators have introduced porosity by several of these methods, including AZDN[10], MEK[11],
Acetone [7], water[12] and process variations[13], while the use of resin starved plies has also been
successful, and has shown similar effects to naturally occurring porosity[14]. Resin starved plies were
also used in the early phases of this work[15], but were not pursued in the final phase reported here
due to the inconvenience of the method. As discussed later, most treatments worked to some extent,
and the effects on short beam shear strength and delamination resistance were sensitive primarily to

the porosity level, not to the agent used. As a result, it was decided to concentrate most of the work,



particularly fatigue studies, on three simple and representative systems, each with 12 plies: (1) an
autoclave control with about 0.5 percent porosity, (2) a hot press control (no vacuum) with about 2.8
percent porosity, and (3) a hot press process with 25 percent of normal pressure and distilled water
spray on each ply (about 5 g/m2 of prepreg), with about 8.7 percent porosity. These three nominal
porosity cases cover most of the porosity content range of interest and do not introduce any chemical
contaminants. The water spray is applied immediately before layup of the laminate. All of the static
and fatigue data for the primary materials with the exception of the autoclave control come from a

single plate, and so had relatively little scatter.

2.2 CHARACTERIZATION AND CONDITIONING

The porosity content and size were determined by quantitative microscopy methods. Optical
micrographs were taken of polished sections normal to the fibers at a magnification of 80 to 160X.
A grid was superimposed over the micrograph, and the fraction of grid intersections falling within
pores was manually determined. The resulting ratio of grid intersections falling in pores to total grid
intersections is the area fraction of pores on that cross section. The results are from at least two
micrographs taken from different areas, each covering an area about 1 mm?. Porosity measurements
for the three porosity cases studied in fatigue tests were determined from a number of different
plates. Pore dimensions were determined from the same micrographs using a 7X magnifier with a
scale.

Specimens were either conditioned in ambient (air conditioned) laboratory air, or were
saturated in deionized water. Moisture content was determined by weight change with surface dried
specimens. Specimens held under ambient conditions contained about 0.15 percent to 0.25 percent
moisture as determined by drying in a vacuum oven at 75°C until the weight remained constant (about

17 days). Wet specimens were conditioned in 75° deionized water until their weight stopped



increasing, and were then held in room temperature deionized water until tested. Typical weight
change data are given in the Appendix and will be discussed later.
The fiber volume contents were determined by nitric acid resin digestion following ASTM

D-3171, assuming fiber and matrix densities of 1.799 amd 1.265 g/cm3, respectively.



2.3 MECHANICAL TEST METHODS
2.3.1 Interlaminar Shear Strength

The interlaminar shear strength (ILSS) study used the short beam shear strength test method
of ASTM D-2344. The short beams were placed on supports with a span length five times the
thickness of the specimens. Mechanical testing was performed at a constant cross-head speed of 2
mm/min, and the load versus deflection was recorded. The measured peak loads were translated into
ILSS using the equation

ILSS = 0.75P/(Wt) ¢))
where P is the peak load, W the specimen width, t the specimen thickness, and the span was 5t in
all cases. The specimen is oriented such that the force is applied in the direction of the plaie
thickness; the specimen width was 6.4 mm in all cases.

Short beam shear fatigue tests were conducted using a servohydraulic machine with load
control, a sinusoidal waveform and a force ratio, R, (P y;n/Pmay) Of 10. Most of the tests were carried
out at a frequency of 5 Hz, but one set was done at 2 Hz for comparison. The maximum deflection
of the specimen, recorded by computer, was monitored as a function of cycles in the fatigue test. A
plot of change in maximum deflection after the first cycle versus number of cycles is shown in Figure
4. As the cycles increase, the deflection at first increases and then becomes stabilized throughout most
of the lifetime; near failure there is a rapid increase in the deflection. This rapid increase is found
from microscopy study (discussed later) to correspond to development of macroscopic interlaminar
cracks, and so is taken as the cycles to failure in the test.

For the wet condition test, water saturated specimens were placed inside a plastic pouch filled
with deionized water. The pouch was positioned in the 3-point bending apparatus, and the short beam

shear fatigue tests were conducted normally.



2.3.2 Mode I Delamination Test

A schematic diagram of the opening mode delamination test using the double cantilever beam
(DCB) specimen is shown in Figure 5. The specimen includes a Teflon crack starter strip and bonded
loading hinges. A strip of millimeter scale paper was bonded to the specimen edge to facilitate crack
length definition. Static testing was carried out with a constant cross-head speed of 2 mm/min. Crack
extention was monitored with a Bausch and Lomb stereo optical microscope with magnification range
from 10X to 40X. The opening of the crack was measured from movement of the machine cross-head
or piston. The load-displacement data were reduced to the form of a compliance curve to determine
an experimental specimen calibration for G;. A third degree polynominal (Figure 6) was fit to the
compliance (C) versus crack length (a) values for each laminate, and dC/da was calculated for use in
the Irwin strain energy release rate relationship[13]

Gy = (P.22W) ac/8a @

where P, is the critical load for crack extension and W is the specimen width.

Mode I interlaminar fatigue crack propagation tests were run using a servohydraulic machine
with load control, a sinusoidal waveform, and an R ratio ( Prin/Pmax) ©f 0.-1. Most of the tests were
carried out at a frequency of 5 Hz, with crack propagation observed using a stereo optical microscope.
Specimens were prepared by polishing the edge and applying a layer of silver paint along the
expected crack path to enhance detection of the growing crack. For the wet condition tests, a
humidifier was used to direct moist air to the crack tip of a water saturated specimen. As discussed
later, fatigue crack growth data were taken only after sufficient crack extension to allow the full

development of the fiber bridging zone, as evidenced by a constant G-



2.3.3 Mode II Delamination Test

Mode II (forward shear) delamination resistance was determined using the End Notch Flexure
(ENF) specimen developed by Russell and Street[8]. The ENF specimen was subjected to 3-point
flexural loading pins as shown in Figure 7. The loading pins were wrapped with Teflon film to reduce
friction, and the span was 40 times the specimen thickness. Specimens were prepared by polishing
the specimen edges and applying a layer of silver paint along the expected crack path to enhance
detection of the growing crack.

Crack propagation in this test was unstable under static loading, as the crack would jump a
short distance at the critical load. After the onset of crack propagation from the initial Teflon notch,
the load was released to allow for a relocation of the specimen so that the crack tip was in the
original position relative to the loading pins. Each relocation produced one result: the maximum load
at unstable crack propagation. Repetition of this procedure yielded several data points from cach
specimen. Only the natural crack tests were used to determine Gyy, as the Teflon starter crack gave
different results, as discussed later. The Mode II fracture energy was determined from Equation (2),
utilizing a compliance versus crack length relationship derived from beam theory [8]. The bending
compliance can be expressed in the form

Cg = (2L? + 3a%)/BEWh? 3)
where L = the length between the outer pin and the middle pin

a = crack length measured from the outer pin

E = longitudinal flexural modulus

W = specimen width

h = half thickness of the specimen
Inserting Eq.(3) into Eq.(2) gives the critical strain energy release rate for a Mode II delamination

as

Gy = (9% P 2)/16EW?h3 @)



where P is the critical load for crack extension.

As with the other fatigue tests, Mode II interlaminar fatigue crack propagation tests were run
on a servohydraulic machine with load control using a sinusoidal waveform and an R ratio
(Pmin/Pmax) Of 10. Most of the tests were carried out at 5 Hz except for one set at 2 Hz. Following
the procedures used with the short beam shear fatigue tests, the deflection was monitored by
computer during cycling. The results showed that fatigue tests under load control were feasible,
producing stable crack propagation, unlike the unstable growth experienced with static loading. A
stroke limit was preset so that when the piston stroke exceeded a certain distance (as a result of the
increase in the specimen compliance as the crack propagated), the cycling would terminate. This
presetting of the stroke limit prevented the crack from growing more than a few millimeters per
growth increment. The ENF specimen was then taken from the apparatus and the crack length
increment was measured with a stereo optical microscope. After each such fatigue crack advance, the
specimen was repositioned. A static load was applied to force the crack to jump and be arrested near
the central loading pin. This ensured a straight initial crack front for the next fatigue crack growth
advance. As discussed later, continued fatigue crack growth for more than a few mm resulted in very
nonuniform advance across the crack front, which was avoided by growing a crack for no more than
2 mm, followed by re-establishing a new crack front by static loading. While tedious, Fhis procedure
produced consistent data.

For the wet tests, the presaturated specimen was placed inside a water filled plastic pouch,
and a strip of mm scale paper was bonded onto the pouch for crack location. After each fatigue test,

the specimen was taken from the pouch and the crack increment was measured under a microscope.



ECTION II
RESULTS AND DISCUSSION

3.1 MICROSTRUCTURE AND MOISTURE ABSORPTION

This section describes the microstructures of samples with various porosity levels and the
moisture uptake characteristics of typical cases. Porosity was introduced by several techniques as
discussed earlier, summarized in Table 2. Of these, three cases were selected for detailed study, 12AC,
12P, and 12W, having low, medium, and high porosity levels repectiviey, introduced by process
variations and prepreg moisture level. The pore size and shape distribution and moisture uptake

characteristics are characterized for these three cases.

3.1.1 Microstructural Characteristics

The method of introducing porosity did not greatly affect either the pore morphology or the
mechanical properties, for a given level of porosity. Figures 8(a)-(d) show typical micrographs of
polished sections normal to the (unidirectional) fiber direction for the materials defined in Table 1.
With the exception of laminate 24V, which had a very nonuniform porosity distribution, and laminates
12B, 12C, and 12E, which had a layer of residual blowing agent, most of the laminates showed a
reasonably uniform distribution of porosity throughout the thickness (with some concentration at tow
boundaries for high porosity levels), so that one method of porosity introduction could not be
distingushed from others by visual observation of typical micrographs. The only laminates with very
high porosity, 12A and 12C, contained the residual blowing agent.

The fiber contents did not vary greatly over most of the porosity range. Average fiber volume
fractions were 0.69 for the autoclave control laminates (0.5 percent porosity), 0.69 for the press

control laminates (2.8 percent porosity), and 0.67 for the water soaked prepreg laminates (8.7 percent

10



porosity). As indicated by the thickness variations in Table 3, only laminate 12C with residual blowing
agent and very high porosity (29 percent) showed a strong decrease in fiber content. The three
primary cases with approximately 0.5, 2.8, and 8.7 percent porosity did not vary significantly in fiber
content; the 0.67 -0.69 fiber volume fraction range is at the high end for AS4/3501-6 laminates[18].

The dimensions of pores were evaluated for the three primary materials. Pore dimensions
were determined manually from micrographs using a magnifier. As shown in Figure 9(a), the pore
dimensions oriented approximately in the thickness and transverse directions were measured. Figures
9(b)-(¢) and the Appendix give the results for individual dimensions and aspect ratios. Several
observations can be made regarding these data:

(1) As summarized in Table 4, the largest pores present in a sample increase in size as the
porosity content increases. The longest pores (L) are about 4 times larger at 2.8 percent porosity as
compared with autoclave control samples with 0.5 percent porosity. For a sample with 8.7 percent
porosity, the largest pores are about 15 times longer than for the autoclave control. The maximum
pore length is roughly proportional to the overall porosity content. The maximum pore width, B, and
depth, D, show similar trends but a less rapid increase with porosity content, as do the average pore
dimensions in all three directions.

(2) The pore longitudinal and transverse aspect ratios, L/D and B/D, increase as pore length
and width increase, since D is nearly constant. The longitudinal aspect ratio shows a flat region
betwen 0 and 4 in each material, apparently due to variations in the plane where the longitudinal
section was cut through the pore. At the edges, the pore may have a very small value of D if it is
pinched between closely spaced fibers. Thus, the L/D aspect ratio down the center of a pore is
probably about 1 to 2 for very small pores. The position of the cutting plane through the pore will

also affect larger longitudinal pore aspect ratio data.

11



(3) Transverse aspect ratios are very similar at 0.5 and 2.8 percent porosity, but the
longitudinal aspect ratios reach much larger values for the 2.8 percent porosity material.
Qualitative observation of micrographs suggests that the pore size characteristics are generally
similar for similar porosity contents, regardless of the method of pore introduction. The pore sizes,
shapes and distributions are also generally similar to those reported in the literature[16]. As indicated
in Figure 8(e), pores observed on fracture surfaces were often somewhat larger than those found in
cross sections, and some complex planar pore geometries were found particularly along individual

misoriented fibers

3.1.2 Moisture Absorption

Specimens were tested either in a dry condition, representing ambient atmosphere, or in a
moisture saturated condition. Table 5 gives the moisture content data for the primary materials
studied. The oven dried specimens were held in a vacuum oven until the weight became constant,
about 17 days for the 12-ply cases. As noted earlier, the wet specimens were first held in 75°C
deionized water for 30 days (12-ply lamninates reached a constant weight after about 3 weeks), and
were then held in 20°C deionized water until testing. No significant weight change was observed at
any porosity level after the initial 30-day conditioning, including many specimens monitored in 20°C
water for up to 9 months.

The data in Table 5a show a greater weight gain at equilibrium for the higher porosity
materials, consistent with the findings in Refs. 7 and 13. Compared with the autoclave control
laminates with less than 0.5 percent porosity, the material with 2.8 percent porosity gained 50 percent
more weight, while the 8.7 percent porosity material gained 100% more weight. This increase in
moisture gain with porosity is similar to data reported by Harper, et al,[13], for 100% R.H.

conditioning of AS4/3502; their data showed a 40 to 50 percent increase in weight gain with a
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porosity increase from 1 up to 5 percent porosity. While the increased weight at high porosity is very
substantial considering the reduced matrix content, Table 5b indicates that it is not as great as
expected if all of the pores were filled with water. If the matrix is assumed to absorb 5.9 percent
moisture by weight in each case (taken from the 0.5 percent porosity case) then the pores in the two
higher porosity cases appear to be about 40 percent full of water at saturation. This condition is
apparently very stable with time, as indicated by the stable specimen weights in the Appendix. These
curious results were further checked by Differential Scanning Calorimetry (DSC), for which raw data
are given in the Appendix. DSC specimens about 3 mm square were cut from short beam or DCB
specimens after conditioning, and surface dried before the tests. The small specimen size and
preparation method probably expose many pores to the surface, so the data in Table 5b are only
semi-quantitative in nature. Despite this, the melt peaks as the initially frozen specimens were heated
past 0°C confirm the presence of liquid water at higher porosity. Again, the conclusion is that a
fraction of the pore volume contains liquid water, but the DSC data suggest about 10 percent water
at 2.8 percent porosity and 25 percent at 8.7 percent porosity, below that calculated from weight gain.

The distribution of liquid water in the pores was checked by testing the interior 60 percent
or so of the thickness of saturated material with the surface and edge regions sanded away. Table 5b
indicates that the interior material contained about the same amount of liquid water as did the overall
specimen, so the water appears to be uniformly distributed through the thickness. Detailed study of
this question was beyond the scope of the study, and our weight gain specimens were not large
enough for precise study. However, the data consistently indicate the presence of some liquid water
in some pores of saturated materials. The study by Harper, et al[13] showed that higher porosity led
to higher weight gain at all conditioning humidity levels, although we find no liquid water by DSC

in our ambient specimens (Appendix); The ambient materials all have about the same percent of
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moisture in the resin, consistent with Ref. I3 at low moisture levels. We conclude from this that there
are at least two effects:

(1) The higher porosity materials take up more moisture even in the absence of liquid water
in the pores.

(2) Liquid water further increased the weight of our specimens by entering large,
interconnected pore zones (Fig. 8¢) exposed to the edges or surfaces of the small specimens used in
our weight gain study.

The origin of (1), which is much more important, is not certain. It may be that local resin near
surfaces can swell more readily due to reduced constraint. The total surface area including pores is
about 30 times greater at 8.7 percent porosity than at 0.5 percent. The data for DSC and weight gain
in Table 5b would be consistent if the resin gained about 10% weight on average in the 2.8 and 8.7
percent porosity cases, so that only a very small liquid water content would be present in the 2.8
percent material, while the high porosity material, with its large pores, would still have about 25

percent liquid water in the pores.
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3.2 STATIC INTERLAMINAR PROPERTIES

3.2.1 Effects of Porosity on Interlaminar Shear Strength

Table 3 and Figure 10 give the results for the short beam interlaminar shear strength (ILSS)
as a function of porosity level under dry conditions. While the short beam test is recognized to have
many limitations, it does provide a measure of shear strength and requires only small material
samples, which was convenient in this study. The failure mode was by an interlaminar crack in all
cases reported, and the failure load was clearly defined by a sharp load drop. A few cases, particularly
those with residual blowing agent (laminates 12A and 12C) failed initially in compression, so data
from these laminates are not reported.

The data for ILSS show a general agreeement with expectations from the literature, including
the autoclave control value for AS4/3501-6[18] and the trend of the data in Figure 10[5]. As noted
earlier, most studies find that the ILSS decreases by about 7 percent per 1 percent porosity increase
at low porosity levels, then at a decreasing rate at higher levels. Appropriate models to fit these data

will be discussed later.

3.2.2 Effects of Porosity on Delamination Resistance

Table 6 gives the Mode I (G|.) and Mode II (Gy;.) delamination resistance for materials with
various levels of delamination resistance produced by the methods listed in Table 2. As has been
noted in many studies[19] the value of G, in DCB tests tends to increase as the (stable) crack
extends, reaching a plateau value after 1-2 cm of extension. Figure 11 shows G, vs. crack extension
for several materials; the plateau G, values show some deviations as further crack extension occurs,
and the Gy, values in Table 6 are an average of 6-8 points from each test. The increase in Gy with

crack extension has been correlated with the development of a region of fiber bridging at the crack
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tip[19] which appears to be caused primarily by the nesting of fiber tows[20]. Only at very high
porosity, above 20 percent, does the value of Gy, drop significantly, but these materials contained
layers of residual blowing agent.

The effect of increasing porosity on the Mode I delamination resistance is generally due to
increase of both initial and plateau value of G| as shown in Table 6 and Figures 12a and 12b.
Figure 13 gives micrographs of crack cross sections, which show that increase in G with increasing
porosity level is associated with the development of multiple crack fronts, as additional cracks are
initiated in regions of high porosity away from the main crack plane. The lowest level of porosity
necessary to produce multiple cracks has not been explored in detail here; Ref. 23 reports no effect
on Gy, of 2 percent porosity.

It is difficult to differentiate precisely between multiple cracking and individual fiber bridging,
but in some cases there appear to be clear distinctions. Multiple cracking usually involves the opening
of other local Mode I crack zones above and below the main crack, usually separated by a tow or ply
thickness. The secondary cracks are typically localized in tow-sized zones and appear to be on the
order of a few mm in length. Secondary cracks have also been found to raise the Mode I peel
resistance in an earlier (unpublished) study of glass/epoxy laminates which were degraded by boiling
water. Similar effects of increasing Glc have also been reported to result from crack branching when
off-axis plies are present[25]. Fiber bridging appears as individual fibers crossing between the crack
flanks, as distinct from an intact tow or ply. The bridging effect has been associated both with nesting
of tows during processing of primarily unidirectional materials [20], and also with the direction ahead
of the crack tip where failure is predicted to occur based on Wu’s mixed mode fracture model (which
also is consistent with the absence of bridging in Mode II)[8]. The extent of bridging has also been
associated with the quality of the fiber/matrix bond, with a higher bond strength for AS1 fibers

producing less bridging than with AS4 fibers in 3502 epoxy[22].
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The effect of high porosity in producing multiple crack fronts in the Mode I DCB test is
probably of little practical consequence beyond complicating interpretation of the DCB results. We
do not expect that the resulting increase in Gy has any generality for ply configurations other than
unidirectional and crack growth modes other than pure Mode I, as is evident in the Mode II results.

Crack extension in the Mode II ENF specimen was noted earlier to be unstable: as the force
is increased, the crack tip remains stationary until the critical condition when the crack jumps ahead
to a point near the center of the specimen (Fig. 7). As a consequence, only a single Gy value is
obtained from one loading sequence, and no gradual increase in crack resistance with stable extension
is observed, contrary to the case with the Mode I DCB specimens. In pratice, a long specimen is used
in the ENF case, and is repositioned after each crack advance so that another separate test can be
conducted. The value of Gy, determined on the first loading (with the Teflon starter strip) gives
erroneously high values due to yielding and hackle formation in the resin-rich zone at the edge of
the starter strip [23-25], so that only subsequent, natural crack tip tests were used to obtain the data
reported here.

Figure 14 gives the value of Gy, determined from Eq. (4) for different crack tip positions
(Fig. 7). For the range of crack lengths between 0.6 and 2.4 cm, the value of Gy was unaffected by
crack tip position; for shorter or longer cracks Eq. (4) is probably not accurate due to the proximity
of the loading points. The results in Fig. 14 define the crack length range over which fatigue crack
growth can be studied, as described later.

The values of Gy, for various materials given in Table 6 and Figure 15 are insensitive to the
porosity level over a broad range. As before, very high porosity above 20 percent gives very low
values of Gy, but these materials contain residual blowing agent. Outside of the very high porosity

cases, the Gy data are remarkably insensitive to the porosity level and to the method of introducing
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the porosity (Tables 2 and 6). The fracture surfaces under static and fatigue loading are dominated

by hackle formation in the matrix as reported in other studies[8,22].

3.2.3 Discussion

The data from the low porosity autoclave control material for ILSS, Gio and Gy, are
consistent with the literature for unidirectional AS4/3501-6[8,9,18]. Gy is considerably higher than
the initial G, or the plateau value in most cases. As noted, increasing the porosity (below 20
percent) decreases the ILSS but increases G (particlularly the plateau value), while Gy is
unaffected. Thus, the effects of porosity on the various static interlaminar properties are found to be
inconsistent. However, the findings in each case are understandable from simple conceptual models
of the interlaminar failure process.

The reason for the increase in G, with increasing porosity has already been described as
deriving from the formation of multiple crack fronts at the higher porosity levels. This is not observed
in Mode II, and Gy is nearly independent of porosity content up to about 12 percent porosity. The
absence of any reduction in Gy with increasing porosity does require an explanation. There are
three apparent factors involved. First, the Gy value is determined at a point of crack arrest from
a previous growth step. The arrest probably occurs at a local region of maximum Gy Second, Gy,
is determined at this single position, from which the crack extends unstably; it does not propagate in
a stable manner, which would sample zones of relatively low and high toughness. Third, if the
previous crack increment did arrest in a position of low toughness, where porosity covered much of
the crack front, it could advance slightly during subsequent loading to become established at a

position of higher crack resistance, analagous to R-curve behavior. For the macroscopic cracks used

in the ENF test, the crack front could reestablish itself by growth equal to the longest pores, about
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0.5 mm, with an apparent reduction in Gy, from Eq. (4) of only 4 percent for the 25-mm crack
length. Thus, the Gy value determined from the maximum force represents the local crack front
position which will give the highest toughness and is not sensitive to isolated regions of lower crack
resistance.

The quantitative effect of pores on the ILSS has received attention in other studies and is
complex to interpret. With pores present in varying amounts, it is natural to explore the applicability
of fracture mechanics to the ILSS failures. As shown in Figure 16, fracture in the ILSS specimens
is not by a simple, smooth crack normal to the maximum tensile direction as in the neat resin[26].
Instead, as is recognized for shear strength or Gy; tests[23], failure occurs by the formation of an
array of local cracks in the matrix zone between fibers, oriented normal to the maximum tensile stress.
These are then ruptured by the main shear-mode crack, forming a series of hackles on the surface.
This produces a value of Gy which is much higher than the Glc of the neat resin or the composite.
The relatively high Gy;. of the composite then requires a relatively large inherent flaw size before
fracture mechanics can dominate the ILSS test results. Crack growth in the ILSS test is probably
further resisted by the closure of Mode II cracks due to the significant normal compressive stress,
once the crack reaches appreciable size.

A quantitative estimate of critical crack size in the ILSS test can be made using the measured
Gy and available analyses of embedded cracks in a pure shear field. A planar circular crack in a pure
shear field oriented in the plane of the ply interfaces will have a pure Mode II condition at the edges
where the radius is in the logitudinal direction, with pure Mode III at the positions 90 deg. removed.

The stress intensity factor at the pure Mode II edges in an isotropic material is given by [27]

x(2-v) &)
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where S, is the far-field shear stress, a is the radius of the circular crack and v is Poisson’s ratio. For
embedded elliptical cracks, the value of K| at the tip of the long axis (assumed parallel to the length)
is lower than that in Eq. (5), about 29 percent lower for an ellipse of a/b ratio = 4. Circular cracks
are assumed in the calculations here to give a maximum estimate of K|- While a corresponding
orthotropic solution could not be located, the effects of orthotropy are not generally expected to be
great if the crack length is smaller than the specimen thickness[28]. Poisson’s ratio is taken as Vir

= 0.30.
The value of Gy; can be calculated from K|; using the following relationship[30]

Gy = A_ll (A22 A1t Ag )1/2]([21 (6)
2 All 2A11

where the Aij’s are compliance terms, with 1 representing the longitudinal direction in the present
case. The values of Aij for the AS4/3501-6 are taken as
Aqq = 7.6 x 103(GPa)’!
2 £
Ag = 0.18(GP83'1
Aj; = 22 x 10°(GPa)’!
For the short beam shear test at failure, Eq. (5) reduces to
Kjie = 1.33(ILSS)(a) 2 (7
and Gy, for an embedded circular critical flaw becomes
Gy = 33(ILSS)%a, (8)
where GIIc is in units of J/m2, ILSS is in MPa, and a is in meters.
If the value of Gy is taken as 450 J/m? (Table 6), then the crtical flaw radii for ILSS values
of 115 and 60 MPa are 1.1 mm and 4.0 mm, respectively. These critical flaw dimensions are larger

than the largest pores reported in Figure 8. The largest pore size observed for specimens with ILSS

values corresponding to 115 and 60 MPa had lengths, L (=2a) of about 0.025 and 0.46 mm,
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respectively, although larger values were found on some fracture surfaces. Thus, the lowest ILSS
cases, having the largest pores, are still probably not dominated by fracture mechanics unless consider-
ably larger pores or coalesced zones are present. It is even more likely that the lowest porosity
materials do not fail by the propagation of a pore as a critical flaw. These results support the use of
a flaw-insensitive, reduction in cross-sectional area model rather than one based on fracture
mechanics, unless the pore size reaches several millimeters and is fairly circular or through-thickness.

A number of pore models have been proposed for correlation with shear strength data, and
other models can be derived which relate more directly to the pore distributions observed in this
study. Despite the questionable use of fracture mechanics for the ILSS results presented here, a
brittle fracture based model proposed by Corten[31] tends to fit the data quite well, as shown in Fig.
18. Corten’s model assumes that the individual pore volume varies linearly with porosity content, and

that the pore linear dimension of interest, a, varies with the V 13 The assumption of linear elastic

P
fracture mechanics then leads to the prediction that
ILSS = cl(vp)-ll6 )

In Fig. 18, the constant, C,, is evaluated at V=.028 and ILSS=85 MPa, giving a value of 46.8 MPa.

P
Unfortunately, it is not possible to evaluate both the implied value of Gy, and the pore dimension
from the model.
A more direct fracture mechanics based model uses the actual maximum or average pore
length, L, from Table 4, fit at the same point to evaluate the constant in
ILSS = Cy(a)' 1?2 (10)
The values of C, using the maximum and average observed pore lengths, respectively, are 0.91 and
0.61 MPa m'”2, When actual pore dimensions are used, the trends of the fracture mechanics criteria

are in poor agreement with the data, particularly at low porosity contents. This is most evident when

using the maximum pore size for each pore content, which should be the most appropriate case. The
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value of Gy, backed out of C, for the average pore size case is 17 J/m2, over an order of magnitude
below the Gy values determined in the ENF test. Thus, as noted before, the ILSS values do not
appear to be dominated by fracture mechanics applied to the pores, unless some pores exist which
are much larger than those observed.

Also shown in Figure 18 are the predictions of early models by Greszczuk[2]. These models
assume that no stress concentrations exist at the pores, and that the in situ matrix strength is reduced
according to the reduction in cross-sectional area on the closest-packed pore planes in arrays of
spheres or cylinders. All pores are assumed to be embedded in the matrix regions, arranged in the
appropriate array. In the application of the models to the case where fibers are present, the reduction
in ILSS due to pores is assumed to be determined by the reduction in strength of the matrix regions,
independent of the fibers. The model for spherical pores in a cubic array gives

ILSS/ILSS, = 1 - (114)[6vp/,(1-vf)]7-’3 (11)
while the cyclindrical pores in a rectangular array gives

ILSS/ILSS,, = 1 - [4V/x(1-Vp]'2 (12)
where ILSS is the value with no pores. Both of these models give reasonable agreement with the
data except at high porosity values. However, the models appear to contradict the actual porosity
distributions (Fig. 8); actual pores are not embedded within the matrix regions, regardless of the array
questions. It appears unreasonable to assume that the pores reduce the strength of the matrix when
they often cover regions larger than the typical matrix rich zones. In fact, the fibers remain
well-bonded to the matrix, and carry much of the shear stress, but have been ignored in Egs. (11) and
(12). Although the resulting predictions for porosity effects imply a decrease in ILSS as the fiber
content increases at a constant Vp, no experimental evidence of a clear trend with V could be found

in the literature.
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If these models are applied to the overall reduction in cross-sectinal area of the entire
composite, rather than just the matrix phase, they become, respectively,
ILSS/ILSS = l-(’r/4)(6VP/1r)2/3 (13)
for spheres, and
ILSS/ILSS, = 1-(4V, /x) /2 (14)
for cylinders. These equations grossly underestimate the reduction in ILSS as Vp increases (not
shown in Fig. 18). The reason that these and other models with pores in well-spaced arrays
underestimate the porosity effects is that many of the pores at higher porosity contents become
grouped along the tow or ply boundaries (Fig. 8). Furthermore, the models are for pores of round

cross section which expand in radius as V_ increases. As noted in Figure 9, the average aspect ratios

P
reach about B/D=2.0 at 8.7 percent porosity and the largest (highest B) pores have aspect ratios of
about B/D=S5 to 10. A rectangular array of cylindrical pores, each with a rectangular cross section of
any B/D ratio gives the following relationship

ILSS/ILSS, = 1-(BVP/D)1/2 (15)
where the pores are taken to reduce the gross cross-sectional area of the composite, as in Egs. 13
and 14. If B/D=2, Eq. (15) gives a closer fit to the data (Fig. 18) than Egs. (13) and (14), but still
is not sufficiently steep at low Vp. Again, the problem is that Eq. (15) assumes uniformly distributed
pores. If the other extreme is considered, and the pores are all assumed to be located at ply

boundaries, an overestimate of porosity effects at high V_ results. With cylindrical pores of

P
rectangular cross section B x D assumed to be distributed only along ply boundaries, where the ply

thickness is t, then

ILSS/ILSS,, = 1 -t V;/D (16)



independent of B/D. For the present case, t = 0.125 mm and the average D is about 0.0128 mm for
Vp = 8.7 percent. Here, the pore effect is a reduction by about 10 percent of ILSS,, per 1.0 percent
pores, reaching zero strength at 10 percent pores (Fig. 18).

The actual pore distributions in Fig. 8 at low porosity involve widely distributed pores, while
at high porosity they involve an apparent bidistribution, with some pores concentrated at tow and ply
boundaries, and others randomly distributed. These are similar to distributions reported in the
literature[7]. The pore distributions at the boundaries are complicated by the tilt of the tow
boundaries and the fact that the pores concentrate only along the matrix-rich zones of the boundary.
The most important result is the presence of large regions without many pores, which appear to keep
the reduction in area along any boundary zone from rising much above 40-50 percent at 8.7 percent
porosity. Furthermore, these regions have closely packed fibers and probably carry a relatively greater
portion of the shear loads than do the matrix rich zones where the pores concentrate. A much more
thorough characterization of the pore distributions would be necessary to accurately model these
effects, and the distributions are probably sensitive not only to porosity level but to factors like ply
configuration, reinforcement style and processing method.

The key question for this part of the study is whether the ILSS is reduced with increasing
porosity simply as a result of the reduction in cross-sectional area. The model trends from Egs. (15)
and (16) in Fig. 18 indicate that a combination of boundary pores, distributed pores, and low porosity
domains could result in a combined model to fit the ILSS data, but much more thorough
characterization would be required to meaningfully apportion the size, shape and amount of porosity
in each region as a function of pore content. Instead, the most severe reduction in cross-sectional
area has been determined experimentally for the primary materials. It was assumed that failure would
occur by a crack wandering across the specimen, through the highest porosity zones. The greatest

reduction in area due to pores along such a potential failure path was determined from the same
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micrographs used to generate the pore size data. Figure 19a shows typical paths marked on
micrographs. The lines shown in Fig. 18 for this approach assume that

ILSS/ILSS,, = 1-(Wp/WT)(WO/WT) (17)
where W, is the nominal, straight line width of the section, Wi is the total length of the selected
(wandering) path, and Wp is the width taken up by pores along the selected line. Table 8 gives the
predicted values for the worst paths on the micrographs. The empirical trend from Eq. (17) using the
average values in Table 8 fits well to the experimental data in Figure 18. We concluded from this
result and the limitations of the fracture mechanics models that failure in the static ILSS tests under
dry conditions follows a flaw-insensitive, reduction in cross-sectional area criterion.

The control value of the ILSS is in a reasonable range from micromechanics modelling of
composite (in plane) shear response based on the neat resin shear strength of about 60-70 MPa for
3502 epoxy[26], which is similar to 3501-6. Prediction of the composite shear strength from the matrix
properties is complex, reflecting both the higher shear modulus due to the fibers, and also the locally
high shear strains in the matrix depending on the local fiber arrangement. It is generally difficult to
assign a strength property to a brittle polymer like neat 3501-6 epoxy independent of fracture
mechanics, and evidence generally indicates that torsional failures initiate as brittle appearing cracics
at inherent flaws or surface defects. Dry neat resin torsion stress-strain curves become somewhat
nonlinear prior to failure, but do not show macroscopic yielding; wet resin is more nonlinear[26).
Increases in porosity reduce the shear modulus of the composite moderately [2,7,13] and factors
including increased moisture content and temperature reduce the composite shear modulus in a

predictable fashion through their effect on the neat matrix [26).



3.3 FATIGUE BEHAVIOR

This section presents the results of fatigue S-N tests on short beam shear specimens and
Mode I and II fatigue crack growth. In each case the effects of porosity are investigated using only
the three primary materials having 0.5, 2.8, and 8.7 percent nominal porosity levels. All tests are run
under ambient conditions; the effects of moisture are considered in the next section. The relationship
between the fatigue crack growth results and the short beam specimen S-N results is discussed at the

end of this section.

3.3.1 Fatigue of Short Beam Shear Specimens

Short beam shear fatigue tests were conducted as described earlier with an R ratio (min/max
force) of 10 (that is, the force applied only in compression, not reversed tension-compression which
would provide a reversal in the shear direction). All tests were run to failure, which was defined as
the cycles where a rapid increase in the displacement was observed (Fig. 4); this point coincided with
the observation of macroscopic delamination cracks. As shown in Figure 19b, these cracks, when
viewed in cross section, tended to pass through pores and zones of high porosity at ply and tow
boundaries, with more cracks at higher porosity. The mode of failure, by interlaminar crack growth,
was observed in all cases where cross sections were taken; no problems with shifts in failure mode
were noted.

Fatigue studies were carried out primarily at 5 Hz; the only study of frequency effects was to
compare the S-N data for the low porosity material with tests run at 2 Hz. As shown in Figure 20,
no significant effect of frequency in the 2-5 Hz range was observed.

All of the S-N results are plotted as semi-log maximum cyclic shear stress vs. log cycles to
faiure. The materials are then compared by three methods of normalizing, and are later compared

with wet results. (As will be discussed later, the S-N data fit equally well to a straight line on a log-log
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plot). Figure 21 compares the raw S-N fatigue data for the three primary materials. The trend lines
are least-squares fits including the static strength results from ramp tests at 1 cycle. Table 7 gives the
regression lines shown, as well as fits which did not include the static data; wet data, to be discussed
later, are also included in Table 7. The points with arrows were specimens which did not fail, and
were not included in the curve fits. The Appendix gives tabular results for all individual tests in this
study.
The linear fits to the S-N data can be represented by

Shax =S, - Blog N (18)
for the raw data, where S, is the maximum cyclic shear stress, S, is the one-cycle intercept, B is
the slope of the S-N curve in units of MPa/log cycles, and N is cycles to failure. For the normalized
plots

Smax’So = 1-blog N (19)
where b, the slope of the normalized fatigue S-N plot, is the best measure of the fatigue sensitivity
independent of static strength.

Figures 22-24 give normalized S-N curves. Figure 22 gives results where the trend lines in Fig.

21 are normalized by the average ILSS (S,) in each case and do not necessarily pass through SanlSe
= 1.0 at one cycle. In Figure 23, the trend lines fit through the raw fatigue data have been forced
through S at one cycle and so the normalized curves all pass through S/S, = 1.0. Fig. 24 ignores the
static data entirely, as only the raw fatigue results are fit with a least-squares regression (Table 7, Part
5), and the curves and data are normalized by the one cycle intercepts shown. The intercepts differ
only slightly from the measured static ILSS data, but there is a significant effect on the spacing of the
normalized plots in Fig. 24.

The fatigue response of materials is best compared on normalized plots (Eq. 19), to eliminate

effects of static strength differences. However, it is not necessarily true that the semi-log plots are
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linear, with the fatigue process a simple extension of the static failure process, and so the appropriate
static basis for normalizing the fatigue data is not obvious. In the present case there is little difference
between the measured average S values and the one-cycle intercept extrapolated from the cyclic
results. However, even the small differences in the normalizing parameters significantly affect any
conclusions which can be drawn as to the effects of porosity on the fatigue resistance.

The normalized plots in Figures 22 and 23, and the slope of the plots, b, in Table 7, Parts 2
and 4, compare fatigue resistance when the measured static ILSS is included in the data set. These
results show little difference between materials with 0.5 and 2.8 percent porosity, but moderately
greater fatigue sensitivity at 8.7 percent porosity. However, Figure 24 and Table 7, Part 6 differentiate
between the low and moderate porosity cases, and the three materials show progressively greater
fatigue sensitivity as the porosity level increases. The correlation coefficients are highest when the
static data are included (Table 7). (Limited early data by Greszczuk [2] for glass/epoxy showed no
effect of porosity on the value b up to 4.6 percent porosity.)

The three normalizing procedures lead to two possible conclusions as to the effects of
porosity. When the static data are included, the conclusion is that the fatigue sensitivity increases only
above 2.8 percent porosity. When the static data are excluded, the conclusion is that higher porosity
produces greater fatigue sensitivity over the whole porosity range, this in addition to the effects of
porosity in reducing the static strength. It would take more data to reach any definitive answer to this
question, and the trends may also vary with the test geometry and material configuration. Although
the differences are not easy to define given the limited data and typical scatter, the apparent
magnitude of the porosity effect is enough to be of importance. The b values from Fig. 24 produce
a difference in lifetime for a stress level S, /S, = 0.4 of about 0.25 decades per 1% porosity,
averaged over the entire porosity range. While the effect at low to moderate porosity would be

negligible if static data are included in the normalization, it would be about 0.5 decades per 1 percent
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porosity when static data are excluded. Extrapolation to lower S/S levels would produce greater

differences (the normalized S-N curves are diverging as the stress decreases).

3.3.2 Mode I Fatigue Crack Growth

Interpretation of fatigue crack growth data in Mode I is complicated by the multiple cracking
and fiber bridging effects described earlier, and only limited data was obtained comparing the high
and low porosity cases. Crack growth generally progressed in a stable fashion, and no problems were
encountered in the testing. All tests were run after extending the cracks statically to reach the plateau
region in Fig. 11. Figure 25 gives typical crack growth data for the low porosity material plotted as
log da/dN, the crack growth rate per cycle, against log Gimax the maximum value of Gy in the cycle;
the R value was 0.1 in all cases, so there is little difference between a plot of Glmax and GI- The
trend lines are least-squares fits to compare with the Paris Equation

da/dN = A,AGT (20)
or, as plotted here,

da/dN = A; Glnax (21)
the results in Fig. 25 are very similar to those reported in Ref. 29 for dry, low porosity T300/5208.
The data show no significant effect of frequency.

As noted earlier, the high porosity material has a much higher plateau G, than does the low
porosity material, and so fatigue crack growth tests necessarily extend to a higher Gmax range. Figure
26 compares the low and high porosity data. At low crack growth rates, Gmax Values closely approach
the respective static Gy, values, while the data converge at growth rates approximately 107 mm/cycle.
As shown in cross sections in Figure 27, the multiple cracking present in the high porosity material

at high Gy, was not observed at the low crack growth rates, where Gimax Was less than 30% of
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Gic It is not known whether the two materials would follow the same trend below where they
converge, but these are extremely low rates where threshold behavior might be anticipated.

When the Mode I data in Fig. 26 are normalized by Gy in Fig. 28, the fatigue sensitivity of
the high porosity material appears to be much greater than that at low porosity. However, this
probably only represents a gradual transition from a multiple to a single crack front for the high
porosity case. The absolute crack growth rate for the high porosity material never falls above that for
the low porosity one at the same Gimax- There was no evidence of a change in the low porosity case
to reduce the very limited Gy, fiber bridging effects at low Gimax but this was not studied in detail.
The exponent, m, of 9.34 for the low porosity material is at the upper end of the range of values

reported for various neat epoxies in Ref. 32.
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3.3.3 Mode II Fatigue Crack Growth

It was indicated earlier that considerable difficulty was encountered with the Mode II fatigue
crack growth tests with ENF specimens. Figure 29 shows the result of growing a crack at a constant
Giymax level for a distance of up to 20 mm from the initial crack position which was produced by the
arrest from a static Gyy. test. The crack growth rate consistently decreased by several orders of
magnitude, and then stopped altogether. The data were produced by growing the crack for a few mm,
shifting the crack tip position to remain within the desired zone (Fig. 14), and growing further.
Extensive study of this behavior established that the local crack front region was normal in
appearance with no fiber bridging or multiple cracking which could explain the effect. However,
through fractography and X-ray study, we found the problem was in the uneven growth of the crack
front across the specimen width (crack length is normally measured at the surface). The crack on the
interior tended to lag behind that on the edges, producing a deceleration of the edge-measured crack.
We determined that the first few mm of crack extension were reliably straight, and so the crack
growth data were obtained by growing the crack for increments of less than 2 mm, followed by a
static test to reestablish a new crack front, etc.

Data produced in 2-mm increments froma fresh crack front were consistent and reproducible.

Figure 30 shows typical results which follow the Paris relationship

da/dN = Ag; Glmax (22)

These results are insensitive to laminate thickness (Fig. 30) or frequency (Fig. 31) and agree closely

with results from Ref. 9. (Tests in Ref. 9 used a cantilever beam specimen which did not appear to
have the problems with crack front straightness encountered here.)

Figures 32 and 33 and Table 7 compare the Mode II fatigue crack growth data for the three

primary porosity levels. The data are all very similar regardless of porosity level, starting near Gire

at low crack rates (Fig. 32), and decelerating with decreasing Gimax following about a 5th-6th power
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trend. While the three data sets overlap at both high and low rates in Fig. 33, there is a slight

decrease in the exponent, m, from 5.72 to 5.61 to 5.25 as the porosity increases from 0.5 to 2.8 to 8.7

percent.
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3.3.4 Discussion

The relative effects of porosity on the (dry) short beam shear S-N curve and the Modes I and
II fatigue crack growth resistance follow a similar pattern to that of the static properties. The short
beam shear fatigue sensitivity is increased moderately by porosity, the Mode I fatigue crack resistance
is complicated by the effects of multiple cracking at high porosity, and the Mode II fatigue crack
resistance is insensistive to porosity level. Again, a major concern is to rationalize the ILSS fatigue
data in terms of the porosity effects and whether they can be related to the Mode II fatigue crack
growth resistance.

It was concluded in the preceding section that the static ILSS data were probably
flaw-insensitive, reflecting only the reduction in cross-sectional area due to the pores. We must now
explore whether in fatigue, cracks emanate from the pores and grow to cause failure, and whether
the lifetime is then dominated by fracture mechanics parameters including the inherent flaw size and
fatigue crack growth law. If the lifetime of the short beam specimen is dominated by the process of
crack growth from the larger pores, then the S-N curve trend should be predictable by integrating
the crack growth Eq.(22) from the initial to the critical crack size at the applied stress level. Eq.(22)

in terms of Ky rather than Gy; is given by
da/dN = AYKZM (23)

Assuming a constant cyclic load range, and a crack which remains sufficiently small so that Eq.(5) is
unchanged during growth except for the increase in crack length, a, the cycles to failure will be
(following Ref. 32)

2m]

max (24)

N = [1/a,™D - 1/a ™ Dyfm-1)A 4 (1.25)2™S

where a is the inherent (embedded circular) flaw length and a_ is the critical flaw length for unstable

crack growth at the static Gy
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The results in Fig. 32 are fit at the low to moderate porosity levels by the material constants
m = 5.7 and Ay = 3.37x 10718, giving A;; = 69.4 x 1012 through Eq.(6), if da/dN is in units of my/cy,
and Ky is MPamI/Z, and Gy is in J/m2. For all values of a, investigated, the term involving a, is
negligibly small. This leaves a simplified relationship for the typical geometry and materials constants

in this study as

N =242x 108 g2Mm J-m (25)
and, for m = 5.7
N =242x108 114 5 47 (26)

Since the value of the constant is not well established for the flaw geometries of practical concern,
this can be generalized assuming only the measured exponent, m, to

N =y § 20 g dam 27
which can be fit to the S-N data at one point when the appropriate value of m is used. The value of
a,, can be taken from the flaw distribution data in Table 4.

Eq. (27) predicts a power law short beam fatigue S-N curve which would be linear on a
log-log plot, unlike the semi-log representations which have been used thus far. There is a clear
prediction of the slope of the S-N curve (-2m) and the strong sensitivity to the initial flaw size. The
fatigue crack growth trend, m, and the S-N curve trend have been shown to correlate for a number
of neat and reinforced thermoplastics in the opening mode [34,35]). When the S-N data from Fig. 21
are replotted on a log-log basis in Figure 34, they conform almost as well to a linear relationship
(Table 7, Part 7). However, the exponents of the best linear fits are much greater than the expected
2m = 11.4 from Eq. (27). Thus, Eq.(27) does not accurately predict the experimental data. If the
constant is evaluated as in Eq.(26) rather than curve fit, the predicted curves are in even poorer
agreement. The only parameter that is predicted at all well is the spacing of the S-N curves, which

derives from the differences in a,. If the average flaw dimensions from Table 4 are inserted into
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Eq.(26) with a constant value of Smax, there is predicted to be a 3.68 decade longer life for the 0.5
percent porosity case than for the 8.7 percent case, with the 2.8 percent case falling in between. These
are not greatly different from the actual data in Fig. 34.

Another possibility is that some of the pores grow, not to a critical length, but enough to
~ further reduce the shear strength. Table 9 compares the predicted extension of circular embedded
pores of radius a (half of the maximum value of L in Table 4) at the shear stress level where the
three S-N curves in Fig. 21 reach 10° cycles. The value of Gy; for each pore length and stress level
is calculatéd from Eqs.(5) and (6), and the rate of crack extension is determined from extrapolations
of the trend lines in Fig. 32, with the rate multiplied by 10° to determine the amount of crack
extension after 105 cycles. The results in Table 9 indicate negligible crack growth from pores prior
to specimen failure at all porosities with the values of L in Table 4. Calculations for even larger pores
are also shown at the bottom of Table 9 for 2.8 and 8.7 percent porosity materials. For the high
porosity material, the larger pore size of 1.0 mm radius would show extension of about 7 percent in
10° cycles (dry). This pore size is over four times as long as the longest measured pores, but pores
of this general size can be found on typical fracture surfaces, Fig. 8¢. The equivalently larger pore
for 2.8 percent porosity of 0.25 mm still shows negligible growth. It should also be noted that all but
the 1-mm pore Gy values fall below the measured da/dN range and the extrapolated da/dN values
used in the calculations may fall well below any fatigue crack growth threshold. Thus, it is concluded
that only exceptionally large, fairly circular pores might show significant fatigue crack growth in the
typical fatigue lifetime of a short beam specimen; more elliptically shaped pores of the same (major
axis) length would have a lower Gy; at their tips as discussed earlier. It is very unlikely that pore
growth would be significant in the low and medium porosity cases, but it could be at high porosity.

If the S-N data for low porosity cases are not dominated by fatigue crack growth, then there

must be another explanation for the behavior. In fact, neat resin torsional fatigue S-N data are
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available for 3501-6 epoxy in Ref. 36. If the data in Ref. 36, are fit excluding the static strength at
one cycle, the value of b is 0.082. (In Ref. 36 the data are fit with a bilinear relationship, but a single
line appears equally valid.) Thus, the (dry) neat resin torsional fatigue shows a value of b which is
very close to those for the ILSS tests in this study, and it is concluded that the short beam results at
low to moderate porosity levels simply reflect the resin fatigue resistance. The tensile and torsional
fatigue of the neat resin are reported to be similar in Ref. 36, with failure by brittle crack normal to
the maximum tensile stress direction. Both Ref. 36 and a recent tensile study with a similar resin at
MIT[37] conclude that the neat resin fails when a crack nucleates from a flaw, with no significant
stable crack growth. The neat resin S-N data in tension do not correlate with Mode I fatigue crack
growth trends[36], but show a higher apparent m value than predicted by the crack growth data, much
the same as with the Mode II ILSS data using Eq. (26) in Fig. 34. Fatigue S-N data for neat epoxy
specimens appear to be dominated by the process of crack nucleation from flaws, not stable fatigue
crack growth. It appears reasonable to draw the same conclusions for the short beam fatigue S-N data
at low and moderate porosity levels, so that the fatigue lifetime is determined primarily by the cycles
to nucleate cracks from many pores relatively late in the specimen lifetime. The cracks then coalesce
and reduce the cross-sectional area to cause failure.

A relevant study of flaws by Hojo and Hayashi[38] used artificial through-width flaws in
unidirectional graphite/epoxy short beam specimens under fatigue loading. They found that flaws
larger than about 1 mm long would propagate to cause specimen failure under fatigue loading, while
smaller flaws would not directly cause failure. Their fracture mechanics based model predicted the
specimen lifetime only for flaws above the critical 1 mm size. A through-crack of 1 mm total length
would have a stress intensity factor at its tip equivalent to an embedded circular crack of about 1.3

mm diameter or an elliptical crack with an aspect ratio of 4 having total major axis length of 2 mm,
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assuming isotropic material with the thickness much greater than the crack length. Thus, the findings
in Ref. 38 are generally consistent with those in this study.

Finally, the increased fatigue sensitivity of the high porosity material must be explained.
Assuming that the ILSS failure is flaw-insensitive, then there must be a further reduction in
cross-sectional area due to fatigue in the 8.7 percent porosity material to explain its steeper
normalized S-N curve as compared with the 0.5 percent porosity case. From the ratio of static ILSS
data, the cross-sectional area of the failure plane of the high porosity case is 65.5 percent of that of
the 0.5 percent porosity case. The slopes of the normalized S-N curves, b, are 0.075 and 0.090 for the
low and high porosity cases, respectively. Taking the value S at 10° cycles, 42.5 MPa for the high
porosity case, this value would need to be increased to 47 MPa to achieve a b value of .075 . This
implies that, if no pore growth is expected in the low porosity material, the high porosity material
increase in b can be explained by a further reduction in cross-sectional area during fatigue, prior to
failure. By this reasoning, the original cross section of the high porosity case was 34.5 percent pore
at the most severe potential failure path, and this was increased to 40.8 percent by crack growth and
coalesence from pores during fatigue. (Complications due to the timing of pore growth during the
fatigue process have been ignored, with the assumption that most of it occurs early in the lifetime.)

No direct evidence of pore growth has been found in unfailed fatigue specimens, and fatigue
fracture surfaces appear much like static areas (Fig. 8¢). However, it seems very likely that the
required modest increase in area reduction may occur for the following reasons:

1. At high porosity, many of the boundary regions contain closely packed cracks in matrix rich
regions (Fig. 8) which could readily coalesce. The stress intensity between closely spaced pores is
higher than that given by Eq.(5)[27). Furthermore, at the lower fatigue stress levels, the matrix may
become more sensitive to stress concentrations at pores, since it is not as close to the shear yielding

condition.
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2. Any coalescence of pores in the boundary region could then produce a flaw large enough
to propagate significantly as a fatigue crack (Table 9), and some such pores may already exist, as
noted on the fracture surfaces (Fig. 8e).

3. Even though smaller pores may not propagate as fully developed fatigue cracks, some
extension due to the maximum tensile stress within the local matrix region may occur, although a fully
developed Mode II (hackled) failure process may not be possible. The conditions for nucleation of
cracks from pores may be possible even if the Gy value is too low for continued propagation.

Thus, it is concluded that the most likely explanation of the reduced b value at high porosity
is that some expansion of the pore/crack area occurs fairly early in the lifetime as a result of fatigue.
Conditions necessary for the macroscopic fatigue crack propagation of an initially flawed area to ‘
produce specimen failure do not appear to exist. The failure is expected to be dominated by the
fatigue of the matrix over the reduced cross-sectional area. As with the neat resin, fatigue lifetime
is probably dominated by the conditions for nucleation of resin cracks, not by the propagation
characteristics.

In this view, it would be expected that the increasing cross-sectional area reductions would
be more prominent at higher cycles. The data in Fig. 21 tend to support this: if the 8.7 percent
porosity data for cycles less than 1,000 are fit separately (including the static data), the b value is
decreased to 0.81, close to the low porosity cases. However, there are insufficient data to firmly

conclude from this, and the low cycle data frequently fall above the fit line in other cases as well.
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3.4 MOISTURE EFFECTS

This section compares wet and dry static and fatigue data of high and low porosity materials.
The dry condition is ambient laboratory air, while the wet condition is water saturated; all tests werc
run at room temperature. The moisture content data and wet test procedures have been described
in earlier sections. Extensions of the dry failure mechanisms discussed earlier to the wet condition

are described in the discussion at the end of this section.

3.4.1 Short Beam Shear Properties

Table 10 gives the static ILSS values for wet vs. dry conditions. Both the high and low
porosity materials show a lower strength when wet; the reduction in strength is 18 percent at low
porosity and 23% at high porosity. As noted earlier (Table 5), the high porosity material absorbs
more moisture, and the average moisture content in the resin is probably higher. As Table 10
indicates, even after conditioning in 95° water, the loss in ILSS is reversible if the specimens are
redried prior to testing. Some nonreversible strength loss with high porosity material was reported
in Ref. 7 and 40, but this was not observed here. The loss in wet strength appears to derive entirely
from the reversible effect of water on the matrix. Wet (saturated) vs. dry torsion tests on neat 3502
epoxy resin specimens were reported to show a 17% strength loss for the wet material[26], nearly the
same as that found here. Thus, there appear to be no significant effects from factors such as
fiber/matrix interface failure (to be discussed more later) or osmotic pore pressure[6] in these tests.

Figures 35-40 present the wet vs. dry S-N fatigue data for the 0.5 and 8.7 percent porosity
material. In each case the data are plotted directly and also normalized by the static strength
(normalized curves are forced through S/S_ = 1.0). The low porosity material in Figs. 35 and 36
shows overlapping normalized data wet and dry, with a slightly lower slope, b, for the wet (regression

parameters are given on Table 7). Thus, we can conclude that a saturation moisture content in the
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resin and testing in liquid water have no significant effect on the fatigue resistance beyond the drop
in static strength when the porosity level is very low and the pores are small.

Figures 37 and 38 indicate that the high porosity material with larger pores shows a slightly .
greater relative static strength loss (Table 10) and a moderate increase in fatigue sensitivity, (b), due
to water (Figure 38, Table 7, Part 4).

Figures 39 and 40 compare the wet results for the two porosity levels. In Figure 39, the
combined effects of high porosity on both static and fatigue properties result in much lower maximum
stresses to cause failure at high cycles for the high porosity material under wet conditions. At 10°
cycles, the failure stress of the high porosity material is reduced to about 42 percent of that at low
porosity. The normalized data in Figure 40 show significantly greater fatigue sensitivity for the high
porosity material. The reason for the greater water sensitivity in fatigue at high porosity will be

discussed later.



3.4.2 Mode I Crack Growth

The wet Mode I static Gy values in Table 10 show a significant increase in plateau value as
compared with the dry data. The low porosity material increases from 258 dry to 569 J/m? wet, while
the corresponding high porosity material increase is from 471 to 663 J/m2. These wet increases are
associated with a greater amount of bridging fibers across the crack tip as shown in Figure 41. Thus,
the origin of the water effect is analogous to the effect of higher porosity producing multiple cracking
and increasing Gy, but here the wet environment produces more interfacial failure and fiber bridging
which increases the crack growth resistance. When the saturated Mode I low porosity specimens are
redried, the value of G returns to 330 J/mz, close to the initial control level. Results reported for
AS1/3501-6 were similar to those observed here, showing increase in wet vs. dry Gy with much
greater fiber bridging in the wet case[41,42]. Other studies have shown either moderate increases in
Gy due to water [8], or else no effect[9). The high porosity material, which already has extensive
multiple cracking when dry, shows less increase in G| due to wet conditions.

Figures 42-47 compare wet and dry Mode I fatigue crack growth data for low and high
porosity materials. The wet vs. dry data for the low porosity case are much like Fig. 26, which
compared high and low porosity cases under dry conditions. When the value of Gy is increased by
increasing the extent of fiber bridging or multiple cracking, the fatigue crack growth exponent, m,
drops. The crack growth data at low Gy, values then tend to converge on the control case with a
lower static Gy but a higher m. This is apparently due to the reduction in multiple cracking or fiber
bridging when the Gy, value is reduced. When the data are normalized by the respective G
(Figure 43), the higher G| material is much more fatigue sensitive, but this condition may not persist

at very low Gy,
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There are no  adequate data in the very low Gimax range to judge whether the wet trend in
Fig. 42 (or the high Vp trend in Fig. 26) would actually become identical to that of the control case,
but this would be expected if the extent of multiple cracking and fiber bridging became equal to the
control. As noted earlier, the reason that the extent of multiple cracking and fiber bridging are
reduced at low Gy, values is hypothesized to be the reduced region of sufficiently high crack-tip
stress levels away from the immediate crack plane, which does not allow other fibers to be brought
into the crack tip process zone.

Figures 44 and 45 compare wet and dry data for the high porosity material. Differences in Grc
are less significant here, and the normalized data (Fig. 45) show little effect of water on the fatigue
crack growth resistance. Comparisons between the high and low porosity materials under wet
conditions in Figures 46 and 47 similarly show little difference, reflecting the similarly high G values.
In general, any material or conditions with a high Gy, 500 J/m? or more, show a lower crack growth
exponent, m in Eq. (21), of 5 to 7, while the control dry material with low porosity and little fiber
bridging, with G;. = 258 J/m2, shows a much greater exponent of 9.4. This increase in fatigue
sensitivity with an increase in Gy is analogous to that in neat polymers, where m is typically about
2 for tough thermoplastics having a yield zone which is sensitive to fatigue, while a much higher
exponent is observed with thermoset polymers like brittle epoxies, which have little identifiable

yielding at the crack tip[32].
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3.4.3 Mode II Crack Growth

The static Gy data (Table 10) show a decrease of about 18-20 percent for both porosity
levels when the materials are saturated and tested in water, relative to dry materials tested dry.
Testing in 100 percent relative humidity has about the same effect as testing in water, but testing in
water with initially dry material reduces the decrease in Gy;, as compared with that for presaturated
material. The drop in Gy, due to water is almost identical to the drop in ILSS in Table 9, and is
presumed to have the same origin. The data cited earlier for the effect of water on neat 3502 epoxy
[22] shows a nearly identical drop in shear strength, with little change in strain at failure. Both the
neat resin strength and the product of the ultimate strength and strain, a good measure of resin
toughness, drop about 15-20 percent due to water saturation at room temperature. Thus, the neat
resin shear stress-strain properties appear to be a direct indication of composite ILSS and Gy insofar
as moisture effects are concerned.

The Mode II fatigue crack data are given in Figures 48-54. The low porosity material shows
a slight reduction in crack growth resistance, but the normalized data in Figure 49 overlap at both
low and high da/dN levels. The high porosity material shows a more significant drop in exponent, m,
from 5.25 to 4.20 when wet (Figs. 50 and 51). Comparison of the wet behavior for the high and low
porosity materials shows a marginally better normalized performance at low porosity (Fig. 52). The
latter comparison is very similar to that under dry conditions in Fig. 33. Figure 54 compares data for
the high porosity material initially saturated, tested in liquid water vs. 100 percent relative humidity
air, and initially dry material tested in liquid water; the differences between the three cases are
insignificant. Thus, neither the presence of liquid water nor the moisture content away from the
immediate crack tip region (to the depth which can diffuse in the several hours it requires to run the

test) appear critical in determining the effect of water on the Mode II fatigue crack growth data.
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3.4.4 Discussion

Comparison of wet and dry results at different porosity levels supports the interpretation of
the short beam shear data developed in previous sections. In particular, the low porosity material with
smaller pores continues to respond in a manner consistent with a flaw-insensitive model, with
moisture effects deriving directly from the sensitivity of the neat resin shear strength to moisture
content. The high porosity material shows a slightly greater response to water saturation than does
the neat resin strength, and this will be considered in the context developed in the last section of
some limited crack growth in fatigue, but not to the extent of producing failure directly by fatigue
crack growth.

Figure 36 indicates that there is no effect of moisture on the normalized S-N fatigue life of
low porosity material; the only effect is in the initial strength. For the high porosity material (Fig. 38),
there is an increase in the normalized S-N curve slope, b, from 0.090 (dry) to 0.10 (wet), given in
Table 7, Part 2. It was argued in the case of dry S-N data that the high porosity material must have
some crack growth and coalescence from pores which reduces the cross-sectional area beyond that
in the static condition. The crack growth may either be in Mode II if the pores lengthen, or Mode
IIT if they increase in width, as discussed earlier. Assuming that the growth is by Mode II fatigue
crack extension, then the effect of moisture should be present in both the short beam shear and
Mode II fatigue crack growth data. The Mode II fatigue crack growth will occur at much lower values
of Gyypax under wet conditions, due both to the lower Gy, and lower m value when wet (Figure 50).

Table 9 gives predicted pore growth data for wet and dry conditions. The amount of pore
growth (expansion of pore length by crack growth) predicted for the largest pore at 10° cycles and
the actual short beam stress level from the S-N curve at 10° cycles is 15%, about twice that for the
dry case at its corresponding shear stress level. Had the S-N curve for the wet material had the same

normalized slope as for the dry case (b = 0.090, Table 7, Part 2), then there would have been about

44



four times more pore growth. Thus, the reduced wet Mode II fatigue crack growth curve in Fig. 50
leads to the prediction that the short beam shear S-N curve will be steeper for the wet condition
despite the lower maximum shear stress values expected due to the lower static strength. The
moderate increase in b for the normalized S-N curve when wet is qualitatively predicted if it is
assumed that failure is flaw-insensitive but that a significant reduction in cross-sectional area occurs
as result of localized flaw growth following the measured Mode II fatigue crack growth curve. The
low porosity material has pores which are too small to grow significantly under this influence, and the
normalized wet and dry S-N curves are nearly indentical (Fig. 36).

The increased Mode I fiber bridging and the decreased Gy under wet conditions also suggest
a possible decrease in fiber/matrix bonding due to water. This question was briefly investigated by
directly measuring the in situ bond strength with the microbonding test described in Ref. 42. Data
for wet and dry materials given in Table 10 show no significant effect on the force to debond fibers
of similar diameter. The wet case was not immersed during testing, but an effort was made to
maintain dampness on the polished cross section where the test is run by compressively loading the
ends of individual fibers. The microdebonding test effectively measures bond strength, as opposed to
bond fracture toughness. It is possible that water reduces the resistance to interfacial debond crack

growth, but this was not investigated.
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SECTION IV

CONCLUSIONS

We can draw a number of conclusions on the effects of porosity on the dry and wet
delamination resistance of AS4/3501-6 graphite/epoxy. Although the pore distributions appear typical
of this class of materials, and the results tend to agree with those of other studies, the conclusions
apply directly only to this widely used material system with unidirectional fibers. We should also
recognize that the results from the short beam shear test may not represent  those from other shear

tests.

Interlaminar Shear Strength. Pores reduce the static ILSS approximately in proportion to the
reduction in cross-sectional area on the weakest (fracture) plane, thus following a flaw-insensitive
criterion. The largest pores observed at 8.7 percent porosity are not of adequate size to produce a
fracture mechanics dominated static behavior based on measured Gy, values. Moisture saturation
reversibly reduces the static room temperature ILSS by about 20 percent, approximately the amount
reported for the neat resin. Short beam shear fatigue S-N results show greater fatigue sensitivity at
high porosity, with the effect at moderate (2.8 percent) porosity subject to interpretation. The low
to moderate porosity fatigue sensitivity is approximately that reported for the neat resin, and does
not appear to involve significant effects of fatigue crack growth from the pores prior to failure, based
on fracture mechanics calculations and Mode II fatigue crack growth data. At high porosity, some
crack growth from pores relatively early in the lifetime may be important, but not to the extent of
producing failure based on growth of a macroscopic crack; instead, failure appears still to be based

on a reduction in area, but with part of that reduction from fatigue crack growth in addition to the
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original pore area. The fatigue trends are similar under wet conditions, with slightly more apparent

crack growth at high porosity as a result of the reduced resistance to Mode II fatigue crack growth.

Mode I Delamination. Due to the effects of fiber bridging, Mode I static and fatigue crack
growth results are taken in the plateau region, after at least 15 to 20 mm of crack extension. The
static Gy, value is increased significantly as the porosity increases, up to about 12 percent porosity.
The increased G, is caused by multiple cracking generated in regions of high porosity, so that
multiple crack growth fronts are formed. Wet conditions further increase G due primarily to
increased fiber bridging; this is particularly significant at low porosity levels. The high static G levels
under wet conditions and at high porosity do not produce comparably high fatigue crack growth
resistance. A lower crack growth exponent for the higher Gy cases results in a convergence of the
Mode I fatigue crack growth data to a similar range for low crack propagation rates in the range of
10°° to 10 mmycycle. As the cyclic Gy, level is reduced, the extent of multiple cracking for high
porosity material and fiber bridging for the wet material are reduced, so that the crack fronts appear

similar to the dry control case at low growth rates where the data converge.

Mode II Delamination. The static Mode II Gy, values were insensitive to the porosity level
up to 12 percent porosity. Gy decreased by about 20 percent under wet conditions for both high
and low porosity materials. The dry fatigue crack growth results (normalized by Gyjo) showed very
little effect of porosity level, while the wet results showed slightly reduced fatigue crack growth
resistance at high porosity.

Pore Size Effects. The results of this study indicate that the reduction in fatigue resistance
caused by porosity may depend more strongly on pore size and shape than on the average porosity

content. If pores are 0.5 mm or less in maximum dimensions and are well dispersed, then the
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reduction of interlaminar strength is due only to the reduction in cross-sectional area, and moisture
only reduces the strength to the extent that it rcduces neat resin strength. If the pores become as
large as a 1-mm radius crack, then significant fatigue crack extension may occur in the short beam
specimens. The crack growth may simply cause a further reduction in cross-sectional area, as is
apparent in this study; however, a larger delamination could also grow to sufficient size to produce
a truly fracture mechanics dominated macroscopic crack failure. The size of the pore which produces
signifcant effects will vary with ply configuration and local stress state, but the 1- to 2-mm size range

appears critical, depending on pore shape.






